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I. MANAGEMENT REPORT

A. Summary

During the last three years we have demonstrated GaAs acoustoelectric

convolvers operating in a nonlinear resistive mode, Rayleigh wave ZnO/Si p-n

diode and Schottky diode storage convolvers and storage correlators, and edge-

bonded transducers. We have demonstrated monolithic Sezawa wave storage

correlation with 36 MHz bandwidth, 32 dB input dynamic range, and 65 dB

output dynamic range. A reactive magnetron sputtering system has been

constructed and used to fabricate the above devices. The films have been

extensively characterized and the optimum deposition parameters determined.

Ghost cancellation, spurious signal suppression, and impulse response

improvement of a bulk wave transducer have been demonstrated using a novel SAW

storage correlator adaptive filter in which all calculations are performed

inside the storage correlator without the need for an external microprocessor.

B. Research Plan

This is a final report on the present contract. A renewal contract is

expected and we intend to continue our present work on the new contract. the

main aim will be to demonstrate applications of the surface wave correlator as

an adaptive filter to remove interfering echoes and distortion in

nondestructive testing applications. For that purpose, we intend to build a

reliable device with e'tremely low feedthrough signals, and we are aiming at a

dynamic range of over 40 dBs and as near to 60 dBs as we can obtain.

- I -



C. Major Accomplishments

The major accomplishment on this program is the demonstration of a

surface wave storage correlator adaptive filter in a monolithic

configuration. We have demonstrated for the first time that by using a

feedback loop, the device can be programmed to filter out distortion. We

therefore believe that the device has great potential for removing ghost

signals in television and for removing unwanted echoes and distortion in

nondestructive testing, radar, and communications applications.

The second major accomplishment is to place the zinc oxide technology on

a firm and reproducible footing. When we started this program, our zinc oxioe

devices and those of other laboratories were highly unreproducible. Now most

of the devices work as predicted, and the zinc oxide always gives high

coupling. We have also used a magnetron sputtering system with a zinc

target. This makes it far easier to obtain a pure material for the target.

Thus the system is much easier to use than the equivalent Japanese system

employing a ZnO target.

n. Problems Encountered

None encountered.

E. Fiscal Status

Total amount of contract $504,302

Expenditures & commitments through 11/14/80 $504,302

Estimated funds required to complete work - 0 -

[stimated date of completion of work 14 November 1980

- 2 -



F. Action Required by DARPA/ONR

At the time of writing, we have still not received the renewal contract,

although it has been approved by DARPA. This is causing serious financial

problems and implies that the work, including the writing of reports, is going

far slower than we would wish.

-3-



II. TECHNICAL PROGRESS REPORTS

A. ZnO Planar Magnetron Sputtering

luring the last three years, a ZnO planar magnetron sputtering system was

designed and built, and over 150 depositions have been made. The results from

this system are much more reproducible than from the previous rf sputtering

system, and better orientation of the ZnO layers has been achieved.

In the past six months, we have continued extensive characterization of

the ZnO layers. Many of these results are included in Appendix C. The

dependence of orientation (as measured by REDs) on substrate to target spacing

is shown in Fig. 6. The dependence of orientation on substrate temperature is

shown in Fig. 7. Clearly, the sputtering correlations for optimum orientation

are a 5000 C substrate temperature and 4.2 cm spacing. The resistivity of

these layers is consistently extremely high (1010 icm to 1012 Qcm) .

Composition measurements do not show any impurities in the ZnO layer down to

the EDAX detection limit.

R. Adaptive Filtering

A major application of SAW storage correlators has been the

implementation of a SAW storage correlator based adaptive filter. The

adaptive filter was used for echo cancelling8 and to improve the impulse

response of a bulk wave transducer.9  These results have been summarized in

the literature8 ,9 and in past progress reports.1 0 The main feature is very

fast adaptation rates, typically 100 - 500 ws and good supression (10 -

15 dB) of echoes and other distortions. The main limitation was the narrow

bandwidth (8 MHzJ of the ZnO/Si a eigh wave device used in the

-4-



experiment. This work is being repeated with our broadband Sezawa wave

storage correlator.

C. GaAs Convolver and Edge-Bonded Transducers

A problem with ZnO/Si devices which was consistently encountered during

the previous contract was the deposition of reproducibly oriented ZnO layers

on Si0 2 in the interaction region. The use of GaAs as a substrate eliminates

this pru3lem since GaAs is weakly piezoelectric and ZnO would not be needed in

the interaction region.

GaAs convolvers with ZnO on the ends for higher coupling to interdigital

transducers (IDTs) were constructed (see Fig. 1). These devices had high

efficiency (-62 dBm) due to the use of the nonlinear resistive

characteristic of a diode. This was the first demonstration of a nonlinear

SAW device which used the nonlinear resistive component. All other SAW

convolvers use the nonlinear capacitance effect.

The SAW coupling coefficient for ZnO/GaAs devices is low and even lower

for GaAs alone. This results in narrow bandwidth devices. To obtain broad

bandwidth devices on GaAs, an attractive alternative to IDTs is the use of

Edge Ronded Transducers (EBTs) (Fig. 2). With the use of EBTs, 100 MHz

should be achievable, and ZnO would not be needed at all on the device. A

number of ERTs were fabricated, and a theory of ERTs was developed.1 These

transducers worked well for center frequencies below 50 MHz ; however, in

spite of manufacturers claims, we were unable to obtain a piezoelectric

ceramic which would work at 100 MHz or more without being excessively lossy.

At the same time, a planar magnetron ZnO sputtering system was designed,

constructed, and extensively tested2 (see next section). With this new
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system, high quality oriented ZnO layers on SiO 2 were reproducibly obtained,

and all of our effort was shifted to ZnO/Si devices.

D. Comparison of Approachesf Bandwidth Loss Calculation

A series of calculation were made3 which compared the potential bandwidth

obtainable from LiNbO 3 airgap devices, ZnO/Si Rayleigh wave devices, and

ZnO/Si Sezawa wave devices. The results are given in Fig. 3 which Thows the

bandwidth loss relationship for each of these devices. As expected, LiNb03

IDTs are much better than ZnO/Si Rayleigh wave devices. However, the use of

the Sezawa mode in ZnO/Si is just as good as LiNbO3 and has the advantage of

being capable of integration with other integrated circuit devices on the

silicon chip.

E. Sezawa Wave pn Diode Storage Correlators

Sezawa wave delay lines with 42 MHz bandwidth and 18 dB loss were

fabricated.4 ,5  Sezawa wave convolvers with high efficiency (-50 dBm) were

constructed and demonstrated. Sezawa wave storage correlators with an

efficiency of -60 dBm were constructed and demonstrated in chirp and Barker

code compressions during the last six month period.6 The details of this work

are presented in Appendix A. With appropriate tuning networks, 37 MHz

bandwidth (25% bandwidth) as a storaqe correlator has been achieved.5 This

is over 4 times as large as the bandwidth attained with our Rayleigh wave

ZnO/Si correlators and is a comparable performance to LiNbC3 devices operating

at the same centel frequency.



F. Schottky Diode Storage Correlators

In our initial efforts at making ZnO/Si storage correlators, we have used

pn diodes as the storcge elements. Their advantage is the relative ease with

which they are fabricated. Their major disadvantage is the fact that 1 lis

charging pulses are needed to fully charge up pn diodes. This means that the

efficiency of a pn diode correlator will fall rapidly when one tries to store

modulated signals that have a data rate faster than 1 MHz .

In order to eliminate this problem we have developed Schottky diode

storage correlators. We have demonstrated the ability of a Schottky diode

correlator to store efficiently using a pulse width of 1 ns ,7 thus making

the ZnO/Si transducer bandwidth the limiting bandwidth as opposed to tahe

diode response characteristic. The details of this work are included in

Appendix B.

The Schottky diode corre1ators we have constructed to date are efficient

(-64 dBm) and have good storage times (10 msec) . Combining the use of

Schottky diodes with Sezawa mode transducers, we expect soon to be able to

demonstrate very efficient 40 MHz bandwidth devices in spread spectrum and

adaptive filtering experiments.

G. Large Area Devices

In the past, each SAW device has been made individually. We have begun

processing arrays of devices. A photo of a 4 cm x 4 cm ZnO/Si wafer viewed

under green light is shown in Fig. 4. As can be seen, a problem we have

encountered is uniformity of the thickness of the ZnO layer, A new target has

been constructed which should improve the thickness uniformity by a factor of

5 . We are encouraged by the fact that the P.E.D. measurements indicate

excellent orientation uniformity across the entire wafer. A photo of a water

- 7 -



of 70 Sezawa wave waveguided convolvers is shown in Fig. 5. More testing of

this wafer is needed to determine yield and device performance.
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Figure Captions

1. Schematic drawing of a GaAs storage correlator.

2. Schematic drawing of an edge-bonded transducer.

3. Theoretical minimum loss obtainable as a function of bandwidth based on

Ref. 3.

4. Photo of a 4 cm x 4 cm silicon substrate with 8 Pm of ZnO viewed

under green light.

5. Photo of a wafer of 70 Sezawa wave waveguided convolvers.

6. RED measurements of ZnO layers grown at different spacings.

7. RED measurements of ZnO layers grown at different temperatures.
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APPENDIX A

IWNTHOLI C SEZANA WAVE STORAM CORMLATOsS AND CONVOLVERS

J.E. lowers. B.?. 91miri-Yakub, and G.S. Kino

Edward 4. Gtlton Laboratory

8tasfo. California 9430S

Abstract problem of dispersion in these devices is expert.
mentally and theoretically examined.Monolithic Servea wve €o, vlvets with an efti.ciefty at -50 df. WWA baWawtAsh of 23 WIs a e -. Rxperiaental Considerationsdeottc ted in S soe of Sashes code ard chirpc resion wxpaWimt. EIxtmlve data Is poe. A schematic drawing of a monolithic storageSted ln a monolithic Seanwa waye storage c e l. carrelator is shown in Fig. 1. The biggest differ.tor with en external correlation effitisaty of once between the Rayleigh wave and Sezawa wave ver-43 am and a bandwidth of 32 Wt: , The input sins of this device is the thickness of the ZnOdynmio range is 30 d& , and the output is IInerly layer: 8.3 ism for the Sezawa mode device andrelated to the readout voltage over a ra eg 1.2 to for the Rayleigh aode device for operation7S il .- Analytic And elrImgetal reaulta am the at 16S Wx . The devices are batch processed usingeffect at dispersion on correlation, Inpt Crrel. 100) a-tylpe s S- 1 cm silicon wafers. A borontis, and convolution as pr# td. It is glot diffueon was used to farm the diodes in the stor.that dispersio in Sou Wave gmowover with age comlator. The convolver used in the experi.2 cm Lateutcts regiens limits the usable band. mencs below has the same device configuration as

* width to .5 Mas . The variation of group velocity shown in Fig. I except that there are no p-n diodes.with frequency was measred over a 70 *as range The ZO layer Was sputter-depsited a S006e usingof frquwies and found to be in good agreement planar sagnetron sputtering system. 0 The ZOwith theoretical prejictians. 
thickness (5.3 4m) was chosen for 3m AWSwave coupling for (100) Si ubstrates. Four fingerpair interdiSital transducers (iTs) with a ImI, Introduction bemwidth were used.

Surface acoustic wave (SAW) convolvers and star.
age correlators have been made using a monolithic.thin film Approach (typically 0/351)1.2 or hybrid
arrangements worea pIesoelectrjj Fbatrate ispressed Against a semicondutor.4. The aolithicsapproach has the advantales of rugedness, smailersize, fewer spurious signals, and potentially lowercost. kfortunately, these devices have had narrow :0 TsAOUCgbandwidths (S to 20 Ms , depending on the design 

1 ,,.€-AecowTacsand electronic mismatch loss ) due to the smail at P A .acoupling coefficient of the first Sv/v peak of Athe first Rayleigh mode in 1i0/Si devices. TheSezaa made (second Raleigh mode) has a much higher 'coupling cOefficiehtt, and fractional bandwidths OIFFOaIN 
$-typeAs large As those obtained with LINbO3 devices are 
nl1001theoretically possibls. S

Oeshor nd co.-workersl,9 have fabricatedSea wave convolvers and storage corrolators with Figu~a I - Croas-Section-l drawing of a monolithicbandwidths of 13% and with external effficiec*s SAN itorage correlatorof -57 dm and -103 dam . respectively. In thispaper, we Present results on SOtawa wave convolvers ror .he storage corrclator in the plate to
and storage correlators with bandwidths of 21$ acoustic readout mode, 4 signal is applied to the
and oxternal efficiencies of -So dam and .63 dm, center or top plate port to read out the signalrespectively, The results of Barker code and chirp stored in the diode array. The ends of the topcompression experiments are also presented, and data plit* generate spurious surface waves, unless theon the depzidence of the output voltage on the ends are slanted (fig. 

2
a) or configured in sone

acoustic and reed voltages range is given, The other manner to reduce the spurious waves recevd
Repressed horn 19SU ULTRASOICS SYMPOSIUM
PROCEEDINGse, ev abr 19g3
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by the IDT However, this .auses a phase distortion fabricated. This is a higher efficiency than has
across the beam since the SAh velocitN in the metal- been reported for monolithic Rayleigh wave convol-
lined region is different from the unmetalli:ed vers.

1  
The efficiency of Rayleigh wave wavegunded

region This distortion is negligible for Rasleigh devices is slightly higher than the Sezawa wave
wave devices. However, for Se:awa waves, the SAW convolverlland it is expected that the cfficzenc
coupling coefficient is much higher Av/v - .028) , of waveguided Sezawa wave .onvolvers would be even
and a phase distortion of 135' occurs for a beam- higher. The 3 dB convolution efficiency band-
width of I em (30 wavelengths) and a slant of width was 25 M1z with the use of 3-element tuning2S. Consequently, a configuration such as that circuits on each port. Bandwidths of 40 1,lz are
shown in Pig. 2b wa. used to eliminate phase dis- obtainable with the use of more elaborate tuning
tortion but still reduce spurious SAW generation, circuits and slightly greater mismatch losses 5

iigure - p plate metallization used for (a) Ray-
leigh wave storage correlators and
(b) Sezawa wave storage correlators

'nother problem associated with the use 0t I igure 3 - Photo ot a storage .orrelator and the box
Se:awa waves and four finger pair IDTs is the gener- containing tuning networks. The top
a tiwoi and dete.tion of bulk acoustic waves. This plate tuning network is shown. \ccess
problem can severely limit the dynamic range. low, to the acouti, matching network is
ever. by bonding the back st the substrate to a through the bottom an the hwy.
brass carrier box with indium solder, the amplitude
of these waves has been reproducibly reduced by more the results ot S and 11 bit Barker code
than 40 dB . The acoustic impedances of silicon, pulse comprvssions are shown in I i,-. ls and 4b.
annd brass are 13.7 x 10

h 
and 31 x 106 kgslm

2 
, respectively The good dynami, range and uniformits

respectivels. and consequently, after a number of are evident teem this figure o problems with lis-
reflections at the back surface, essentially all of persion were evident, even when )it rates of 10 H:
the bulk .ave energy is coupled into the carrier ere used.
box.

A series of chirp correlation experiments were
rhi technique also ensures that the deviie is performed to see if dispersion would limit the

well groundcd, and this reduces problems with direct usable tle-bandwidth produt at these devices. The
electromagnetic pick-up between the different ports cxperiments usd ; lung Ihirp signals of vars-
at the device The direct pi.k-up can be reduced able bandwidths op to a maximum ot 23 IfII band-
below the lesel of the other spurious signals width to avoid pun l'ioaaening due to the non-
through appropriate shielding and grounding tech- linearity ot the chirp trqueni variation with
qiiaes k storage correlitor mounted in a well tov.,, one Lhirp generator ,is asod, and its output

,hieided box is shown in Fig. 3 was mxisd with 2 sw signals to denerate the neces-
,ar, op and daui .hitp signal, Using t,.e input

3. Results and Discussion a I hLrp shown ill I ig ',. th comprewd out.
Jit I15ls I11 ihowII in I ig, b1 and % the 4 d3

4 ovzawa base Convolvern pIulse width is 44 iis . and the total pulse compres-
lion is vi The theonetiLdl omprssion is

Qecult% trom ezawa wave convolvers will be 3 x 23 or 0 the .idelubes are not as small as
presenved in this section. Storage correlator theoretically expected, nor ire the% nsnmctric about
iesalts will be presented in the next seition, and the central peak This in dun to the fait that
I L0 deration of the dispersion problems in these I() the varnatior of Lhirp trequens with tine is
dlel.cs will be presented in the final section. not linear, and 2) the amplitude ot different tr-

queni compontnts ot the input .hirp iarie, b is
'onolithic Seawa wave convolvers with an much is 2dB I ILg al

tflcioc% 0t -30 dBm at 105 Mle have been
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(a) 0.5 1As/div (a) 5 MHz/div

(b) 0.5 /As/div (b) 0.2 ps/div

Figure 4 Barker code pulse compression using a
25 HHz Sezawa wave convolver. (a) S bit
code; (b) 11 bit code

The fact that the output pulse width is not
bignificantly limited by dispersion is a remarkable
result. The vriati- -n group delay over thc
23 Mz bandwidth is .2 es . Thus, one might
expect the minimum output pulse width to be of this
order and the maxmum time bandwidth product for
this device to be 30 . However, it is shown in
the final section that dispersion limits Sezawa
wave convolvers to a usable time bandwidth product
of roughly 80 . i

b. Sezawa Wave Storage Correlators

Monolithic Sezawa wave storage correlators have C) 0.02 /*s/div
been fabricated with an external correlation effi-
ciency of .63 dgm when all three ports have been Figure 5 - Chirp compression experiment. (a) Fre-
tuned to 50 1 The convolution efficiency of this quency spectrum of input coirp;
device was -S6 dgm . When broadband tuning cir- (b) and (c) Output pulse
cuits (Fig. 1) were used, the correlation efficiency
decreased by 3 dB , ann the bandwidth was 32 MHz The correlation of two quare pulse, is ehown
(Fig. 6). All of the following results were in Fig 7 The input dynasic iange of toss device
obtained using the broadband version of this device. is 30 dB , i.e. the triapgle peak is 30 dB above
The plate-to-acoustic readout

4 
mode was used in each the largest spurious signal The dependence of the

case. correlation output voltage on acoustic voltage is
shown in Fig. 8 as a function of the input acoustic
voltage The dependence is linear over 32 dB .

A-3
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The dynamic range is limited on the upper end by carried on the readout signal. This technique has
the diode saturation. 12 The dynamic range is a larger signal-to-spurious level than if the corre-
limited on the lower end by spurious surface waves lation of two Barker codes is stored in the device
excited by the readout signal at the top plate. and read out with a 100 ns pulse. The reason is
The spurious signals are prefgminantly generated that the readout signal excites a number of spurious
by defects in the ZnO layer. The amplitude of signal sources, and the different 3 us spurious
these spurious signals is proportional to the signals interfere with each other.
amplitude of the readout signal. Hence, the out-
put dynamic range is much larger. This is illus- -20 -
trated in Fig. 9, where the dependence of the output
correlation power on the readout power is given.
The range over wich the output power is linearly
related to the readout power is 75 dB . There are -30
a number of applications where this large output
dynamic range can be exploited. For instance, in
adaptive filtering,

14 
the filter transfer charac-

teristic is stored in the device, and then it is 0 -40
desirable to use the filter in situations where the V VW. 5V

power level of the filter input (readout signal) VRs V
may vary over a large range. This device is ideally 

VR - 'V

suited for that purpose. -50 tA,- iaB
t w * I Ia

-60 rt R W 
4paSt_ -41&

-60-

4 A 31.6 M~z

-eo0 -10 0 10 20 30 40

PAC (dm)

90 Figure 8 - Dependence of the output correlation

power on the acoustic power PA

-30 140 150 W0 ,70 I80 -20
FREOUEICY MHI

Figure 6 - Dependence of storage correlation effi- -50

ciency on frequency. -4

-50- V'. 2.5v

-80

-90-

-100-
.60 -40 -20 0 20

PREeo dBm)

Figure 9 - Dependence of the output correlation

Figure 7 Upper trace: Storage correlation of two power on the readout power Pe for two
square pulses acoustic voltages and 3 M: bandwidth
Lower trace- Spurious signals generated
by the readout pulse (2 is/div). A number of different chirp correlation experi-
VA : 10 V , Vw * S V , VR I V I ments were performed In one case, a chirp is
tA  .9 s , t4,- • 5S , t R - 3.9 Is stored in the device with a 50 ns storing pulse

on the plate port. Another chirp was applied to

The storage correlation of two S bit Barker the plate port and the output taken from the acous-
codes Is shown in Fig 10. The acoustic signal was tic port opposite the input acoustic port. 3, 10,
modulated with one Barker code and stored with a 20, and 28 MHz chirps were used, and the 4 dB
100 s write pulse. The other Barker code was pulse width was slightly larger than th theoretical
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xdth in ea h case. The discrepancy was largest 12L dVGI
for the ZS NHZ chirp where the output 4 dB - -I
pulse width was So ns rather than the theoretical ;7 I1 '
(no dispersion) value of 36 ns . 0,O

where L 1s the lellgth of the interaction region.
For the Sezawa wave convolver considered,

* .038 us . Consequently, the maximum usable
bandwidth is of the order of 2$ iz . Morgan's
analysis

1 5  
s applicable to amplitude modulated

signals such as the Barker code compression experi-
ments discussed earlier. For chirp compression,
an analysis of the phase distortion reveals that
for 25 Mliz chirps, the pulse width should broaden
to SO on for a ZoO/Si Sezawa wave convolver with
an interaction length of 1.6 cm . Thus, the con-
volver experimental results where an output pulse
width of 44 ns and a time bandwidth product of
68 was obtained probably represent an upper limit
to the usable time bandwidth product.

SEZAWA ZnO ON< IO0>$

Figure 10 - The storage correlation of a S bit 4/v PEAK
Barker code5

In another chirp experiment, two 20 Mzx , "
100 us long chirps were input rorrelated, and the -

output read with a SO ns pulse. The output pulse a

4 dB width at the input transducer was 100 Ps . $EZAWA 'NVE

yielding a pulse compression of 1000 . Note, how-

ever, that the theoretical (no dispersion) compres.
sion is 3 times larger. The output at the oppo. o A
site transducer was 200 us wide, yielding a plse >
compression of only 500 .

c. Effects of Dispersion "/PAK &v/ PEAK

Any SAW device that utilizes a layered substrate C
will be dispersive, and the degree of dispersion is 00

4  
Zet04 3e10

4

minimized when the SAW velocities of the layer and hw

substrate are almost equal. Unfortunately, the SAW
velocity of ZiG (2639 m/s) is significantly smaller Figure 11 - Dependence of group velocities on nor-
than the SAN velocity of silicon (4920 a/a). Dim- malized frequency ha . h is the ZnO
persion causes phase distortion of the wave and can film thickness for the ZnO/(10O)Si
thus limit the usable bandwidth to much less than system
the IDT bandwidth. There are a number of ways to use the storage

The amount of dispersion depends on the slope correlator in a pulse Compression application.
of the group velocity curve. The group and phase Eight way. to correlate two codes are shown in
velocities for Rayleigh waves and Sezawa Fig. 12. There are eight additional ways that two
waves (Fig. 11) are shown for the ZnO(100)Si codes can be convolved which are equivalent to the
structure. The slope of the group velocity curve eight listed in Fig. 12.
is small at the position of the second peak in
4v/v for Rayleigh waves; however, the slope is sig- Consider one particular mode of operation
nificant for Sezawa wave devices and for Rayleigh (underlined in Fig. 12) where one code is sent into
wave devices using the first iv/v peak. The the acoustic port (A) and stored, and a second code

Sezawa wave group velocity in an 8 v ZnO/(100)Si is sent into acoustic port A to readout the corre.
device was measured and is shown in Fig. 11. The lation. Both codes undergo the same distortion,
experimental and theoretical results are in good and the correlation peak is not significantly broad-
agreement except for aconstant overall factor ened. Using an analysis similar to Morgan'sl

5 
the

of -95 . output is VOUt - Vo * sinc
2
(t/T) where V0  is

the output for no dispersion, * stands for con-

The analytic effects of displsion in a convol- volution, and r.l " o - V./ (dVrIdw),O . For a
ver have been treated by Morgan. He found that Sezawa wave device, t - 1. x 1 -13 s , so the
the convolution output of a dispersive convolver is distortion is negligible. Note however, that

the convolution of (1) the output in the absence of unlike a convolver, attenuation will affect the

dispersion with (2) a complex chirp function whose output, and pulse broadening can occur. For
tame constant is instance, if up chirps are used, the high frequency

end travels the farthest, and the high frequency
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components of both chirps are decreased, which for Acknowledgement
significant amounts of attenuation results in pulse
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2  
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is definitely an upper limit for monolithic
ZnO/Si storage correlators. References
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APPENDIX B

tONOLITHIC ZoO ON Si SCOTT Y DIODE STORAGE CORRELVJOR

R. L, Thornton and G. S. Kind

Edward L. Ginzton Laboratory
Stanford University
Stanford, California 94305

Abstract The Schottky diode correlator described here
was fabricated by employing the ZnO on Si structure,

In this paper, we describe a monolithic Schottky first used successfully in the fabrication of con-
diode ASW storage correlator. The device is fabri- volvers and p-n diode correlator.

1
-, The device

cated using the ZOO on Si technology, with the ZnO has demonstrated its ability to store a wavefora
film being deposited by sputter deposition in an within a single rf cycle and with an efficiency
rf agnetron discharge system. comparable to that of p-n diode correlators. It

has the important advantage over the equivalent
The device operates on the first order Rayleigh air-gap device that the input voltage required on

mode at a frequency of 125 tMls and empioys a ZnO the plate to turn on the diodes is almost 2 orders
film 1.6 jsm in thickness, with 1000 X of sputter of magnitude lower, and no pro-charging signal is
deposited Si02 between the diode &ray and the ZnO. required.

Using PtSi Schottky barrier diodes as the star- 2. Fabrication Process
age elements, it is possible to store a signal
efficiently within a single rf cycle. This is a The device shown in Fig. I was fabricated on
major improvement overthe pn diode configuration, 10 l-ca <111> silicon using platinum silicide as
which needs 10 to 100 rf cycles for efficient stor- the metallization for the Schottky terriers. Plat-
age. inm silicide Is particularly well-uited to this

purpose for several reasons.
The device has a convolution efficiency of

-60 dBm and a correlation efficiency of .64 d~m
when operated in the acoustic to plate readout mode. Pt PADS

1. Introduction

The monolithic storage correlator is a device
that has recejv .sa good deal of attention in
recent yarts, f and the theory of operation for
the device has been explored in some detail.

3
.
4 

In
the past, the dominant structure for such devices
has used p-n diodes as the storage eleeonts. P-N ID TRANSDUCER
diodes have finite recombination tines for injected Pt PADS Cr-AI CONTACT
minority carriers which are usually longer than the A .L f 8 . /-ZnO
duration of one rf cycle. For this reason, it is
almost always necessary to use read-in signals 'f CSO2
several rf cycles duration in order to reach the
point at which the efficiency of the device satur- n-TYPE
aces. " - SI (111)

In this report, We describe a monolithic stor- SONOTTKY DIODE ARRAY
age correlator fabricated using Schottky diodes as
the storage elements. Since Schottky diodes are
majority carrier devices, they are 'faster" than
p-n diodes in the sense that they are not recombina- Figure 1 - Schematic diagram of monolithic Schottky
tion time limited and can therefore be made to reach diode storage correlator

saturation within a single rf cycle. This gives
Schottky diode devices an advantage over p-n diode First of all, the PtSi technology can produce
devices in applications requiring high resolution self-aligning diode structures, making it possible
waveform storage. to fabricate diode arrays with 4 pa spacing. This

is done by etching the required windows in an oxide

layer that has been thermally grown to 1000 ,
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depositing platinum over the entire wafer, and sputtering Si02 , followed by equally dramaticannealing at 460*C for 10 minutes. Platinum reductions in leakage currents after the annealing
reacts with silicon to form platinum silicide in process. Both of these experiments tend to indi-
the areas where it is in contact with the sili- cate that the problem is indeed one of charge
con, but the SiO2 acts as a barrier to the reac- trapped in the oxide layer.
tion everywhere else. All that is left then is
to etch away the remaining free platinum, leaving
behind the platinum silicide Schottky barriers. (a)

gsa

The second reason for the desirability of
PtSi has to do with the fact that it forms one of
the highest known barrier heights to n-type
silicon, on the order of .86 volts, and there- W
fore will provide lower leakage currents and longer U / /
storage times than most other Schottky diodes on
silicon.

The third and perhaps most important reason 0.
for the use of the platinum silicide has to do 0s
with the fact that the platinum silicide film
formed is stable up to abrut 900*C . This is
essential because of the necessity to heat the -0 -19 -1s -14 -12 -1m -s -6 4 "- 0
entire device to temperatures on the order of VOLTS
S0OC in order to perform the ZnO deposition which 20 . .
will be discussed later. Many other metals that
form Schottky barriers to silicon, such as aluminum 173 (b)
and gold, deteriorate into undesirable alloys or
doped contacts at these teaperatures. eSo

covered with an insulating layer of sputter-depos- W
ited SiO2 , the purpose of which is to provide a Z In 1
high quality insulator between the diodes and the
metal top-plate. The ZnO film itself provides a 7
large degree of insulation, having resi;Jivities
typically in the range of 1010 to 10 'fl-cm . a S6
The lower end of this resistivity range, however,
corresponds to a maximum storage time of 10 ms , a
in which case the leaky ZnO would limit the storage ?
time in the device. The S102 layer ensures that -Is - 6 -4 -2 a a 4
the limitation on storage time is due only to the VOLTS
diode leakage.

It has been found that the process of deposit- Figure 2 - Typical C-V characteristics of gold
ing the SiO2 layer can produce a drastic shift in sputtered Sio2-thermal Si02-silicon
the threshold voltage of the MOB diodes in the SHO capacitor (a) before and (b) after
region between the Schottky diodes.

6  
Depending on annealing for two hours in forming gas.

the polarity of this charge, the surface of the Note change in scale between the two
silicon can be driven either into accumulation or graph and significant shift in thresh-
inversion. Inversion aust be strictly avoided as old voltage after annealing
it will result in very large leakage currents.
Both directions of drift are undesirable in the The ZnO deposition process is carried out in an
sense that they can result in having to apply large rf magnetron sputtering station. Detailed charac-
(and perhaps unattainable) bias voltages to the terization of the depositior. parameters in this
device in order to reach the flatband or partially station is cgvered elsewher in these conference
depleted region, where the convolution or correla- proceedings. Typical deposition parameters for
tion efficiency will be greatest. the process iisvolve heating the substrates to atemperature of 450*C in a 7 micron oxygen

We have found that annea~ing sputter-deposited atmosphere and sputtering with an rf power of
SiO2 in forming gas for approximately two hours can 1.2S kw .
result in a drastic improvement in the C-V charac-
teristic of the devices. Figure 'a shows the C-V e e have performed experiments to detemine the
characteristic of a film with 0I00X of sputtered effect of the ZnO sputter-deposition on the leakage
S102 before annealing, and Fig. 2b shows that same currents in our Schottky barrier diodes. These
flm after annealing. Note not only the factor f eyperiments indicate that the deterioration of
2 reduction in threshold voltage but also the diode quality due to ZnO deposition is relatively
reduction in the area of the mobile ion hysteresis small, manifesting itself in a slight lowering of
loop. We have also observed very dramatic barrier height from .86 * 01 volts to .8S .01
increases in diode reverse leakage currents after volts. Morrover, these s~ifts are observed
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independent of whether or not the diode measured is In first characterizing this device, its per-
physically shielded from the plasma or not. formance as a delay line and convolver were meas-

ured, and it was found that the insertion loss was
These two results can be explained very well by 24 d8 , and the convolution efficiency was

the supposition that ZnO bombardment damage is not -60.5 dim
so much a factor in the slight lowering in barrier
height as is the activation of impurities piled up In order to investigate the properties of the
at the PtSi-Si interface, device as a correlator, an acoustic to top-plate

readout mode experiment was set up, as shown in
It has been observed that when PtSi is formed Fig. 4. The acoustic stored waveform and acoustic

by thermal annealing of Pt on Si. the impurity readout waveform are -3 Us in length, corres-
dopants in the consumed silicon will tend to be poeding to the length of the top-plate. The stor-
excluded from the PjSi and will "pile up" at the ing pUlse on the top-plate was 1 nS in width,
PtSi-SI interface. ,9 At an annealing temperature which is small when compared to one rf cycle, which
in the PtSi formation furnace of 4601C , the is 8 nS in duration.
annealing time of 10 inutes is not sufficient
to fully activate these impurities electronically. to .' s e
Therefore when the samples are placed in the ZnO
deposition system at 4SOC for typically one to PUcne
two hours, the piled up impurities are electroni- CC caAS
cally activated and begin to contribute to barrier 6 I I O . coes

lowering. Thus, the heating in the deposition ""O.......,I ONelu
station is a more significant factor than the

plasm when one considers deterioration of the
diodes, but the deterioration is not so severe as 

TOP-E

to make the diodes unusable. A IsAac P

After the sputter deposition of the ZnO, metal- sny

lization for top-plates and transducers is per. c O NT so

formed using standard photolithographic techniques. USTIN

Figure 3 is a photograph of a device completely
fabricated and ready for bonding of the transducers TOP.P.ATC poat
and packaging for operation, lPWLA OUTPUT

'. I is ,,

Figure 4 - Set up for acoustic to plate readout
experiment tl to . 4 Us.
t2 * to + (20 um to storage time)
t 3 z t 2 - 4 Us

-n ' Figure 5 shows the output on the top-plate when
j both acoustic waveforms are rectangles. From the

U peak height of the triangle output, we conclude
that we have a correlation efficiency of .64 dem
This is close to the best efficiency ever reported
for a ZnO on silicon storage correlator

10 
with the

Figure 3 - }onolithi Scbotty diode storage corre- xception of waveguided torrelators.
1 1 

The good
later ready for bonding and packaging. lineartty of the sides of the triangle in Fig. 5

indicates that the correlation interaction is also

3. Device Operation quite uniform over the length of the device.

We have fabricated Scottky diode correlators 
The output correlation is a strong unction of

using the above procedure in order to 
demonstrate applied top-plate pulse amplitude only over snail

the fast storage properties Of Schottky diodes in rane of top-plate pulse amplitudes. Figure 6

Smonolithic structure. in r .the measured dependence of the acoustic out-monolihice s rte. a r nco . voltage on the amplitude of a 4 nS pulse. It

The device operates at a center frequency of can be seen that the "threshold" for efficient
storage is about 2 volts, and above this threshold122 t . The acoustic wavelength is 32 m at the the output slowly decreases when the pulse %eight

center frequency, and the interdigital transducers is further increased. This voltage is almost 2
ae 10 f¢inger pars in length. In order to max= orders of magnitude smaller than the voltage
mie the fir.t order Rayleigh mode coupling, the required to produce similar operation in the
thickness of th d ZO film wan 1.6 em • The diode LiqbO3 seprate medium Schottky diode correlator.

1 2

array consisted of diodes 4 m is width with an
inter-diode spacing o 4 . The ide widt oth We have varied the width of the storing pulse
:oustc. transducers and the diode array were both and have found that the correlation efficiency Is
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a strong function of both the width of the storing
pulse and the exact shape of the pulse at its peak.
The saximum efficiency for this device occurs when
the storing pulse is as short as our setup would
allow, on the order of I nS . This observation
leads us to the conclusion that the recombination
time effects which are symptomatic of the p-n
diode correlator are indeed negligible in the
Schottky diode torrelator at these frequencies.

Figure 7 Decay envelope vf correlation otput

demonstrating storage time of devce.
2 ms/div

To demonstrate the ability of this device to
perform correlations of more complicated waveforms,
we have set up experiments with various bi-phase
codes. First in Fig. 8, is the autocorrelation of
a 7 bit Barker code, which does show the theor-
etical sidelobe suppression level and pulse com-

Figure S - Autocorrelation of two square pulses pression ratio, with soae feedthrough. In Fig. 9,
"3 us in length , 1 ps/div we have the autocorrelation of A S bit alternat-

ing phase bitstrem. Also in this photograph the
I'. - individual lobes are in agreement with their theor-

etical form, and the signal is produced with maxi-
0. 9 mum device efficiency. These experiments would be
7 possible with a p-c diode correlatar only if the

O4 -storing pulse were narrowed to prevent smearing of
the output waveform, which would result in a signifi-

0.4 - cant reduction in efficiency for typical p-n diode
0 correlator configurations.

00 -

O 2 4 4 a to
TOP-PLATE PULK AMPLITUDE IN1%)

Figure 6 - Relative Lorrelation output versus pulse
amplitude of a 4 nS top-plate storing
pulse

We have also measured the storage time of this .- .
device. Figure 7 shows the output of the device
when a rectangular waveforn is stored and an
extremely wide readout pulse of greater than 20 as
duration is used. In this experiment there was no
DC bias on the top-plate. We can see the envelope
of the decay in the amplitude of the output corre-
lation and can conclude that the 3 do decay stor-
age time of the device is 7.5 ms , although after
14 msec , the output correlation is still more than Figure 8 - Autocorrelation of a 7 bit Barker code
2S dB above the noise level. I se/div

We have observed this storage time to be depen- 4. Conclusions
dent on the DC bias applied to the top-plate, with
positive bias increasing the storage time and nega- In conclusion, we note that we have designed
tie bias decreasing it. This is indeed bias depen- and successfully fabricated a monolithic Schottky
dence we should expect, sirce negative bias tends diode storage correlator. The device exhibits

to invert the surface, making thesurface p type correlation efficiencyof -64 dBm , which coastares
with its corresponding very low harrier height of favorably with the most efficient non-waveguided
.25 volt. ZnO on Si correlator.
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- APPENDIX C

REACTIVE MAGNETRON SPUTERING OF ZnO

B. T. Khuri-Yakub and J. G. Smlts

Edward L. Ginzton Laboratory
Stanford University

Stanford, California 9430S

Abstract silicon, thermally oxidized (100) silicon, and
thermally oxidized p* regions in (100) silicon.

A planar agnetron system is used to sputter These substrates are used for a variety of bulk
zinc oMide on a variety of substrates. A zinc wave and surface wave devices.
target is used, and sputtering is done in an oxygen
atmosphere. The zinc oxide film are evaluated by WATER COOLED
bulk and surface acoustic Measurements, scanning GROU"ORINOG
electron microscopy, reflection electron diffrac- SPUTTERI
tion, x-ray diffraction, surface roughness, etching

rae nd resistivity measurements. Zinc oxide
films ar grwn ox a variety of substrates such as
gold, aluminum, platinum, and oxidized (111) and
(100) silicon. Highly oriented film are obtained use IET
on all the substrates with a typical standard devi-
ation is the rocking curves of the order of 0.2 -
0.3' Typic al sputtering parameters are: rf Ak.ONU
power 1 . 1.25 kw , sputtering rate 10 - 20 U2
per hour, oxygen partial pressure . S 7 ye , sub-
strate temperature • 450 - 300C, and target-to. LO
substrate spacing * 4 - 7 cm . STAINLSS STIEL

Figure 1 - Schematic diagram of the planar magnetron
sputtering head.

In the last two to three years, planar magnetron

systems have been used to sputter well oriented Typical sputtering conditions are: oxygen
(c-axis normal) zinc oxide (ZnO) films on a variety pressure s e 7 m , substrate temperature 40

of substrates.
1
.
2 

Planar magnetron sputtering S0ec , target-.to-substrate spacing e 4 u 7 cm S

offers several advantages over the usual diode or rf power - I - 1.2S kw , magnetic field strengh
triade sputtering. Namely, the sputtering rates ISO G . and a sputtering rate of 10 - 20 Um per
are higher, and the process control is easier hour. The best ZnO films obtained to date were
because electron bombardment of the substrate is deposited under the following conditions- oxygen
reduced, thus allowing for better control of the pressure - 7 im , substrate temperature - SOC-
substrate temperature.

3  
target-to-substrate spacing - 4.2 Cm , rf power -
1.2S kw , and a sputtering rate of 18 um per hour.

In this work, we use a planar magnetron systea Table I shows an x-ray profile of the quality of
with a zinc target and carry out the sputtering in the films obtained for such a set of sputtering
an oxygen atmosphere. A schematic diagram of the conditions on the various substrates used. Included
sputtering head is shown in Fig. 1. The additional in Table 1 is an x-ray profile of a naturally occur-
advantagesgalned in such a system are: first, the ring single crystal piece of ZnO (Zincite).
zinc and oxygen used can be more pure than a ZnO
target, and second, the zinc target has a better The x-ray measurement of %ncite is used as a
thermal conduction than a zinc oxide target. Thus, calibration of our diffractometer and as a refer-
larger amounts of rf power can be supplied, which ence for our sputtered films. It is seen in Table I
gives a still higher sputtering rate. that the standard deviation in the rocking curve of

Zinclte Is Gr.c. - .21* , and the full width at
The quality of the ZnO films is cttermined by half maximum (FWHM) of the (0002) and (0004) peaks

using x-ray diffraction, x-ray rocking : rve, is iS- The x-ray profile of Zincite is used as
reflection electron diffraction, scanning electron a measure of instrumental broadening. Assuming that
nmicroscopy, resistivity, surface roughness, etching the x-ray diffractometer traces are Gaussian, the
rate, and acoustic measurements, x-ray profile of Zincite should be subtracted from

that of the sputtered films to obtain their true
ZnO films were sputtered on gold. aluminum, profile. The quality of the :nO films on Al and

platinum, fused quartz, thermally oxidized (111) Pt is not as good as the quality of the films on
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the other substrates because both metal films were 50
not well oriented. We conclude that well oriented
metal back electrodes are necessary for the growth
of well oriented ZnO films. Figure 2 shows an
x-ray diffractometer result from a 4 Um ZnO film
grown under optimum deposition conditions on oxi-
dized (111) silicon. Note that the Cu-kal and
Cu-ka2 lines are clearly split. Figure 3 shows
an x-ray rocking curve result of the film in
Fig. 2. It is seen from the x-ray results that
the sputtered ZnO films have an excellent orienta-
tion with the c-axis normal to the surface of the
substrate.

Table 1 " ..3Z

X-ray profile of ZnO films deposited under optimum
conditions

FP14 FWH11 I
Substrate (0002) (0004) 1(0002Y r.c.

Al 0.31 0.75 10.9 1.10

Au 0.19 0.50 7.5 0.47
3 2 I 0 -l -2 -3

Pt 0.24 0.35 8.6 0.94

Figure 3 - X-rocklng curve of the (0002) plane ofSID 0.19 0.45 9.7S 0.52 the ZnO film in Ft3. 2.

SiOJ 0.37 0.65 8.4 0.76

Zincite 0.19 0.19 17.0 0.21

c0a-ka,

(00021

19

(00041

M5. 73.0 ?25 5 j 5.0 345
Figure 4 - Reflection electron diffraction pattern

Figure 2 - X-ray diffraction trace of a c-axis of the ZnO film in Fig. 2.

normal ZnO film on a S1O2/Si substrate. The dc resistivity of the ZnO films grown

Figure 4 shows a reflection electron diffraction under all sputtering conditions was measured, and
(RED) result of the film of Fig. 2. The spots in the value of the resistivity ranged from 1010 to

the RED pattern correspond to diffraction planes in 01 ohm-cm Th s high value of resistivity makes

the film. Note that the large number of spots

observed and their sharpness are indicative of the applications.

excellent quality of the films obtained ZnO tiles were etched in a CIi3COOl 113P04 120
Figure S shows a scanning electron microscope solution in the proportion of l:x:l For

x d 10-S , the etching rate was constant and equal
picture on a fracture edge for the film of Fxg. 2. t th ethn r was
Again, tha smooth texture of the growth is indica- 

-  
, the etching rate was

tive of the high quality of the ZnO film.
4  

also vonstant and equal to 320 X/sec . The slow
etching rates observed indicate that the films are
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dense and possibly close to the theoretical density film. Table 2 summarizes the results for different
of ZnO. delay lines on a sapphire buffer rod 2 m long

operating at different center frequencies. Again,
these results indicate that the Zno films are highly
oriented. Surface wave convolvers and correlators
on (111) and (100) Si substrates were made using
this sputtering technique. The convolver effi-
ciency, FT - P3/PlP2 , where P3  is the output
power and Pl and P2 the input powers to the
transducers, is used to characterize the ZnO films.
The efficiencies obtained are the best reported to
date and indicate excellent quality for the ZnO
films. Table 3 summarizes these results.

5
.
6

4 - Table 2
Tuned round trip insertion loss for various bulk
wave delay lines

Center Frequency (lz) Loss (dB)

300 3

600 S

Figure S - Scanning electron microscopy picture of 1000 7
a fracture edge of the ZnO film in 2000 11
Fig. 2.

The surface roughness of a ZnO film grown under 4000 18

optimum deposition conditions was measured as shown
in Fig. 6. For the region where the ZnO was grown
orn oxidized silicon, the average surface roughness Table 3

is of the order of - S0 X • For the region where
the ZnO film was grwn on diffused p~n diodes, the External convolution efficiencies for various

surface follows the profile of the thermal oxide acoustoelectric convolvers

grown on the p* and n regions, as shown in the
Lower part of Fig. 6. It is seen that the films Convolver Type Center Frequency (M4z) FT dBa

are very smooth and should be suitable for optic
and acousto-optic applications. Rayleigh wave 125 _55

SuRFACE eOUoHESS Waveguide Rayleigh 125 -44
wave

2000 Sezawa wave 160 -50

1000 Highly oriented ZnO films are obtained using
reactive sputtering of ZnO in a planar magnetron

0 system. Very high sputtering rates (10 - 20 to
0 50 100 200 Soo per hour) are typical, and excellent quality films

are obtained on a variety of substrates. Sub-
strate temperature control is dominated by the sub-
strate heater, thus allowing greater control on the

200 deposited film.
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APPENDIX D

THE DESIQI OF BROADBAND AND EFFICIENT ACOUSTIC WAVE TRANSDUCERS

C.H. Chou, J.E. Bowers, A.R. Selfridge, B.T. Khuri-Yakub, and G.S. Kino

Edward L. Ginzton Laboratory
Stanford Univey ity
Stanford, Calizornia 94305

Abstract resulted in impulse responses whitch are better than
those obtained using any other technique.S In one

The bas1 design criteria for SAW transducers is example presented here, the impulse response of a
typically a ilat frequency response. The basic PZT transducer operated directly into water was
design criteria for bulk wave transducers in nondes- reduced from IS cycles to 3 cycles with the use
tructtv, evaluation and medical imaging is the com- of a four-erment optimized tuning circuit
pactness'of the impulse response. This criteria is
different from the usual flat frequency response 2. Theory
criteria because a flat bandwidth does not necessar-
ily imply a compact impulse response. Aniterative ConsJder the system shown schematically in
optimization program, based on a least mean square Fig. 1. Suppose the response of the matching net-
algorithm, has been developed and used to similtan. work and load is Y(u) , where Y(w) is any par-
eously optimize matching metworks and acoustic par- ameter which is to be optimized, such as voltage,
ameters to achieve either of the above design cri- current, or power. If the desired response is
teria. The optimization is first illustrated in the (N) , then the error in the response is
frequency domain for an lOT transducer. Then the
optimization is done in the time domain for a bulk E() - 0(4) - Y() (1)
wave transducer with the criterionof reducing the
length of the impulse response. The impulse res- The response Y(W) is a function of N adjustable
ponse is thus reduced from about IS cycles to 3 real parameters 8 n . These parameters are gener-
cycles and has an almost GaUssian frequency response. ally matching network parameters, such as induc-
The increase in the round trip insertion loss of the tance, capacitance, transistor gain, etc. This
transducer due to the tuning is of the order of a algorithm can also be used to sinulateously design
lew dB. Transducers have been constructed at S and the transducer (load) and matching network, and in
35 Hit with a backing of epoxy (Z 3 k3/M

4
-sec) this case, the matching parameters also include

and no front matching layer. The agreement between transducer width, acoustic impedance, quarter wave
theory and experiment is excellent, matching layer, apodization. etc.

I. introduction 'TCHING

A number of techniques have been developed to 
ZOUZE2 OZ

design bloldband flat frequency response matching
networks - for acoustic transducers. The load is
usually modeled as a resistor and capacitor or as
a simple four-element circuit.

4  
The problem with

this approach is tit the frequency response of
acoustic transducers has a resonance characteristic $O4
which is difficult to accurately mimic with the use - SAW
of fixed component networks. In most cases, SAW
improved results can be obtained if the network
suggested by one of the techniques listed in Refs.
I-S is used as i starting point for an optimization Figure 1 - Schematic drawing of source, matching
routine which accurately takes into account the network, and load.
frequency dependent radiation resistance and reac-
tance. An algorithm is developed In this paper for The square error is
that purpose.

This algoritm is extremely flexible and can be E(w)t(() - (Y(w) - D(w)i[1(w) D(w)) (2)

used in the frequency domain or in the time domain and the change in the square error due to a change
to reduce the length of the impulferesponse. The
use of this algorithm is the design of transducers 48n is
with and without acoustic matching layers has

Reprnted from 1980 ULTRASONICS SYMPOSIUM

PROCEEDINGS, November 1980
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;an E*(4) - E() - (3) Y38n  8n 38n  y f" ds E(a)E*(a)

3Y (11) an 2 *(1 
(12)

*-ZRe C*( - (4) 'Rte [/ diQi) ~ J

The goal of this algcrithm is to minimize the mean If we consider the simple case N * I in the
square error averaged over the frequency range (1  limit ', - l - 0 then Eq. (12) becomes
to w, , i.e. minimize e where

E E
W, An y (13)

c f E(w)E*(w)dw (5) dY dE

This is the familiar expression used in Newton's

To achieve this goal, we require that the change method for finding the zero of the function E .
At for a change tan  he negative In general, the surface c(8l,. 22, •. . s)

3c will have a number of local minisa. Thus, it is
ac - Asn  . . . 0 (6) important to use an appropriate set of starting

n conditions Eno based on simple calculations,
standard design rules, and intuition. This algo-
rithm can then be used to flna the local minimum.

/ IY(a) 1 Alternatively, a set of starting conditions can be
z.28 n Re dwt'(a) < (7) used and then tha various minia compared.

a1 n The analysis given above is the same when the

independent variable is frequency, time, phase, or
There are a number of expressions that could be used any other parameter. For instance, consider the
to .hoose An - rrom Cq. (7) we see that ac will case where it is desired to optimize the impulse
be negative if we whoose response Y(t) of a transducer. The desired

response D(t) could be a one cycle sinusoid.

From Eq. (12), a good choice for the change in each

Ali % Re dat(a) (8) of the components lor each iteration isA n [ P e d ( ) n 2 8

W1 
/dtEr(t)t

where i is i positive real constant. The change A3" a 2 / Y(t) (14)

in rs then =

3Ya i
2

However, the hest results were obtained when an
"c n Re[ daE*() '-I (9) expression based on Eq. ii) is used for tAn

' I J}

whih ii, negative as desired.

One of the onditsons tor convergence is that
Where G - l/S.4fE(t)tdt and S is the Impulse

At (10) peak amplitude. In this case, the algorithm tries
to reduce the ripple, but also maxiizes the trans-

Eq. 0O) will be watisfied it mission. If a larger exponent of S is used, then
the importance of maximum transmission is empha-
sized. If o smaller exponent (I) 14 used, then(r2 d~Jr( '() minimum ripple is emphasized.

'W To calculate AB , one starts with the measured

in or calculated transducer response and caltulates
2 &TSW(F) the insertion loss of the network plus load, Y(w)'n The Fourier transform Y(t) is determined, and

a Bn Is calculated from Eq (15) Due to the addi-

tional task of calculating Fou:ier transforms, the
where is real and 0 1 . The expression optimization in the time domain typicallw takes

for 2d3, becomes longer than optimization in the frequency domain.
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However, as we shall see, the impulse response This algorithm can be used to simultaneously
obtained optimization in the time domain is signi- optimize the transducer beamwidth, number of
ficantly better, finger pairs, finger width to spacing ratio, and

apodization dependence, in addition to optimizing
3. Results and Discussion the values of the match'ng network.

SAW Devices Bulk Wave Transducer

The use of this algorithm will first be illus- The algorithm has been used to design a match-
trated in the design of a matching network for a ing network for a longitudinal wave transducer.
SANE Sezawa wave MDT. The goal was a frequency res- The transducer operates in water without any match-
ponse which is between 0 and 1.S d3 over the ing layers and has a lossy low impedance backing,
frequency range 146 M1z to 183 Mz, . The start- namely epoxy with Za . 3 x 106 kg/2

2
-sec . Trans-

ing parameters for the optimication are given In ducers have been designed and built to operate at a
Table 1. The optimization results after 1, 10, center frequency of 3S 14z . The transducer ater-
100, and 130 iterations are shown in Fig. 2. The lal used is W4rata-PZT for the 35 14z transducer.
optimization was stoyped after achieving a 1.3 d8 Figure 3 shows the insertion loss and impulse res-
bandwidth of 36 Mt:. the final values of the net- ponse of the 35 14z transducer, where the active
work components (Table 1) are all easily realizable, area is 2 am in diameter. The design criteria
Limits should be placed on the possible values of used for the circuit components was a compact
the network components during optimization so that impulse response. A four-component matching net-
a realizable filter is obtained, work was designed in the configuration shown in

Fig. 4. Figure 4 also shows the theoretical inser-
Table 1 - Values used in optimizing the matching tion loss and impulse response of the transducer

network of a Sezawa wave IDT with the proper matching network. Notice that the
band shape is almost Gaussian and that the impulse

lOT Parameters: R : 250 A , CT .5 pF , Cp - .2 p?, response was reduced from 13 full cycles to 3
N - 4 , N 1 a , v/v .028 full cycles. Figure 5 shows the experimental

results obtained for the transducer. The agreement
Hatrhing Network Parameters: between theory and experiment is excellent.

LI L2 L3  C1  C2  C3
(WO (UH) (IH) (pF) (pF) (pF) too

Initial 1 .1 .1 10 10 10 to
Final 1.35 .047 .024 8.93 17.7 68.3 so UNID

0 27!-

0,4 - s0 72;1 I I
17 1V,.ym (Moll

0/Figure 3 - Impulse response and frequency response

of 35 M: epoxy bonded PZT transducer
6 - operating into water

Bulk Wave Transducer Array
w

0 The algorithm has also been used to optimize
the impulse response of the transducer elements in

8 /a linear array. Again, the design criteria used
was a compact impulse response. The PZT-SH trans.

/ducer elements are resonant at a center frequency
of 3 M and have a width of 2S0 m ,a width-

/T to-height ratio of 0.6 , a low impedance lossy

10 1 backing Za . 3 x 106 kg/2-sec , and one front
140 150 160 i70 ISO 190 matching layer. The optimized parameters in this

FREOUENCY (MHz) case were: the transorter turn ratio (match intoSO ), the transformer inductance, and the length

Figure 2 - The transducer mismatch loss at several and impedance of the matching layer. Note that in
points in the optimization routine this case both electrical and acoustic parameters

are optimized. Figure 6 :hows the insertion loss

986 - I0 ULTRASONICS SYMPOSIUM 
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and impulse response of an array element designed 100
with conventional _methOd

5 
assuming a matched source, 9

samely f/2fO * .9 where 1 0  is the resonant fre- STANDARD DESIGN RULES
quency of the piezoelectric ceramic and f ia the s
resonatnt frequency of ,the matching-layer. Figure 7
shows the insertion loss and impulse response of an @70O
array element designed with our optimization pro- -
gram. In this case. the thickness of the matching 0 A
layer was such that f/12fo was 1.37 , and the VP V
impedance of the matching layer was 4.7 x 106 kg/ 9

m
2
/sec.Xotice that the impulse response in Fig. 7
LIn greatly improved over the impulse response of so 0Fig. 6. 2

100 03
TUNE ... FREQUENCY (MMII

80 UNEDFigure 6 -Impulse response and frequency response
@ 70 of a 3 ft' P":T transducer with epoxy

hacking and a single matching layer.
60)- Standard design rules were used to obtain

5_04 matching laver parameters

S30[ 00 OPTIMIZED TRANSUCER PARAMETERS

20)- S0

036 72 260.J

Figure I -Optimized impulse response and frequency W.4
response aftor 30 iterations

066
FREQUECtY IMHOi

Figure 7 -Optimized impulse response and frequency
4 response ft the transducer shown in

Fig. 6,
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